Aldehydes play ak ey role in the human metabolism. Therefore, it is essential to know their reactivity with beryllium compounds in order to assess its effects in the body.T he reactivity of simple aldehydes towards beryllium halides (F,C l, Br,I )w as studied through solution and solidstate techniquesa nd revealed distinctively different reactivities of the beryllium halides, with BeF 2 being the least and BeI 2 the most reactive. Rearrangement and aldol condensation reactions were observed and monitored by in situ NMR spectroscopy.C rystal structures of variousc ompounds obtained by Be 2 + -catalyzed cyclization, rearrangement, and aldol addition reactions or ligation of berylliumh alidesh ave been determined, including unprecedented one-dimensional BeCl 2 chains and the first structurally characterized example of an 1-iodo-alkoxide. Long-term studies showed that only aldehydes without a b-H can form stable beryllium complexes, whereas other aldehydes are oligo-and polymerized or decomposed by beryllium halides.
Introduction
It is known that hard Lewis acids are able to catalyze the conversion of glucose into 5-(hydroxymethyl)furfural and subsequently into humins. [1] [2] [3] [4] Hence, inhaled beryllium species should performi nasimilarw ay in lung tissue, in which hexoses are abundant. [5] To what extendt he Be 2 + cation is able to catalyzet he conversion of carbonyle groupsi st herefore as ubject of immense interestw ith regards to the alleged toxicityo f beryllium in general and especially to understandt he localization of beryllium-associated diseases to the lung. [6, 7] Lewis acids-especially aluminum chloride species-promote aw ide variety of reactivities in aldehydes and are important for CÀCb ondf ormation,s uch as the carbonyl en reaction. [8] [9] [10] Furthermore, Lewis acidic metal chlorides are able to induce aldol condensation [11] [12] [13] and rearrangementr eactions [14] or cyclization into trioxanes. [11] [12] [13] The latter is also well catalyzed by metal oxides or Me 3 SiCl. [15] [16] [17] Amongt he various Lewis acids, the activity of which towards aldehydes was examined, beryllium species, which are among the hardest known Lewis acids, have never been investigated. Only one beryllium aldehydec ompound-ab enzaldehydea dduct towards BeCl 2 of whichn or eactivity had been investigated-was known so far. [18] The formation of BeCl 2 adducts towards carbonyl groups is also observed in esters [18, 19] and ketones, [20] but to the best of our knowledge no experimental studies regarding ap otentially alteredr eactivity of beryllium-coordinated carbonyl groups had been performed so far.H ere, we presento ur findings regarding the reactivity of various simple aldehydes towards beryllium halides.
Results and Discussion
All our experiments with BeF 2 ,w hichi si nt heory the hardest Lewis acid of the investigated beryllium halides, showed that it does neither react with the investigated aldehydesn or dissolve in them or any of the used solvents. This is presumably caused by the significantly higher lattice energy of BeF 2 relative to those of the other beryllium halides [21] and is in line with the fact that only reactions of BeF 2 in water or liquid ammonia are known. [22, 23] Contrarily,B eCl 2 readily reacts in aw ide varietyo fo rganic solvents. We startedo ur investigations with pivaldehyde that has neither ap roton in a position nor the direct ability for an aldol condensation reaction and was assumed to be the least reactive aliphatic aldehyde. Therefore, ar eactiono fB eCl 2 was performed with pivaldehyde in various stoichiometries on NMR scale. Ab rief summary of the obtained resultsi si llustrated in Scheme 1. When few milligrams of BeCl 2 were dissolved in several milliliters of pivaldehyde the reaction mixture solidified within hours. This colorless solid can be sublimatedi nv acuo to yield centimeter-longs ingle crystalso f2 ,4,6-tris-tert-butyl-1,3,5-trioxane (1a,F igure 1) that crystallized in the monoclinic space group C2/c. Thisc yclization reactioni sa lso known to be catalyzed by Lewis acids such as Me 3 SiCl, FeCl 3 ,o rm etal oxides. BeCl 2 as aL ewis acid is therefore no exception.S ubsequent reactions of pivaldehyde with catalytic amountso fB eBr 2 and BeI 2 led also to the formation of trioxane 1a,w hich was analyzed by X-ray diffraction, IR and NMR spectroscopy.T he latter revealed its instability in polar solvents. Although stable in C 6 D 6 ,i td ecomposes in CDCl 3 to pivaldehyde. The same decomposition occurs when beryllium halides were added in stoichiometric amounts. Therefore, we used 1a insteado fp ivaldehyde as an aldehyde precursor for the following experiments because of its supreme purity and ease of use comparedt o the free aldehyde.
If BeCl 2 was treated with two or more equivalents of pivaldehyde in CDCl 3 ac lear colorless solution was obtained. 1 Ha nd 13 CNMR spectroscopice xperimentsr evealed that the pivaldehyde moiety was stable for several weeks, whereas the different chemical shifts of the signals, in comparison to the free ligand,i ndicated ac oordination towards BeCl 2 (see also Ta ble 1). In the 9 Be NMR spectrum we observed one sharp singlet at 5.8 ppm (w 1/2 = 4.9 Hz) that is typical for tetrahedral coordinated Be nuclei. [24] By removing the solvent, crystals of dichlorobis(2,2-dimethylpropanal)beryllium(II)( 2a)c ould be obtained as colorless blocks. Compound 2a crystallizes in the monoclinic space group P2 1 /c. In this compound BeCl 2 is coordinated by two pivaldehydem olecules leading to at etrahedral coordination spherea roundt he beryllium atom, which is a typical structural motivef or BeCl 2 coordinated by electron-donating functional groups. [18, 19, 25] The molecular structure of 2a is illustratedi nF igure 1. The BeÀCl atomicd istances of 1.9595(18) and 1.9717 (17) correspond to those in the BeCl 2 benzaldehyde adduct with 1.9623 (19) and1 .982 (2) .T he BeÀ Oa tomicd istances in 2a of 1.6819(18) and 1.6925 (19) are, however, significantly longer than those in the benzaldehyde complex [1.664(2) and 1.665 (2) ]. [18] This might be caused by the larger steric bulk of the pivaldehyde. In the IR spectrumo f 2a we observed ab athochromic shift fort he C=O-stretching frequency of 61 cm À1 relative to that of non-coordinated pivaldehyde, indicating aw eakening of the C=Od ouble bond because of the coordination towards BeCl 2 .T his is in agreement with our findings on the benzaldehyde adduct. [18] When BeCl 2 was treated with only one equivalent of pivaldehyde we also obtained ac lear and colorless solution.T he in situ NMR spectra recorded af ew hours after the reaction was initiated, showed the same set of peaks as that of compound 2a though with different chemical shifts. Ab road singlet in Scheme1.Schematicillustration of the reaction pathways for the formation of compounds 1a, 2a,b, 3a,b, 4a,b,a nd 5a,b depending on the amountof pivaldehyde (a:X= Cl; b:X= Br;MIPK = methyl isopropyl ketone). the 9 Be NMR spectrum at 5.0 ppm (w 1/2 = 21.1 Hz) speaks for an increasei ne lectron density aroundt he beryllium nucleusr elative to that in 2a,w hereas the significantly broader line width is indicative of am ore fluxional compound in solution. When the solvento fasolution with 1:1r atio of BeCl 2 /p ivaldehyde was removedi nv acuo immediately after the starting materials had dissolved, single crystals of poly[dichloro-m 2 -2,2-dimethylpropanalberyllium(II)]·C 6 H 6 (3a)w ere obtained from ac olorless oil. Ad etail of its crystal structure is illustrated in Figure 1 . It features one-dimensional m 2 -Cl linked BeCl 2 chains coordinated by one pivaldehyde per beryllium atom.T he BeÀCl atomic distances of the terminalc hloride atoms are 1.946(4) and 1.952(4) ,c omparable with those of compound 2a,w hereas the m 2 -ClÀBe atomic distances range from 2.056(4) to 2.066(4) and are therefore significantly longer. These distances are comparable to those reported for [Be 2 Cl 2 (m-Cl) 2 (PCy 3 ) 2 ]. [26] The BeÀOa tomicd istances are 1.643(4) and 1.646(4) ;s ignificantly shorter than the corresponding distances for the aldehyde adducts mentioned above.T his stronger interaction is expected because of the coordinationo fo nly one aldehyde towards this BeCl 2 chain, which results in less steric repulsion. This is also supported by the larger coordination shifts observed in the 1 Ha nd 13 CNMR spectra,a nd the broad line widths of the NMR signals suggest that various oligomers are present in solutiont hat exchange relativelyr apidly on the NMR time scale. However,i nt he IR spectra of the dry residue of the reactionm ixture of 3a we observed as et of bands nearly identicalt ot hat of 2a,a nd the C=O-stretching frequency of 1662 cm À1 equals that of compound 2a.
When the solution with a1 :1 ratio of BeCl 2 /pivaldehyde was stored for several weeks, the NMR spectra changed (see also Supporting Information Figures 10-12 ). The former singlet in the 9 Be NMR spectrum at 5.0 ppm shifted within six weeks to 4.3 ppm (w 1/2 = 13.9 Hz) indicating the formation of an ew,l ess fluxional speciesw ith increased electron density at the beryllium nucleus. We also observed an ew signal set in the 1 Ha nd 13 CNMR spectra, which could be assigned to 3-methyl-2-butanone (methyl isopropyl ketone, MIPK) coordinated to BeCl 2 (4a). To verify this we treated BeCl 2 with one equivalent of MIPK and obtained matching NMR spectra. To figure out if MIPK can be convertedt op ivaldehyde by BeCl 2 we monitored a1 :1 reactionm ixture of MIPK and BeCl 2 in CDCl 3 over time.
However,e ven after severalw eeks we did not observe any change in the NMR spectra, which leads to the conclusion that the rearrangement reaction is nonreversible in the presence of BeCl 2 .I na na dditional control experiment BeCl 2 was treated with two equivalents of MIPK. In the 1 Ha nd 13 CNMR spectra we observed only signals for MIPK and even several weeks later no change was observed. In the 13 CNMR spectra we noticed ad ownfield shift of 18.8 ppm for the carbonyl carbon atom relative to that of the free butanone, which is similart o the coordination shifto fc ompound 2a relative to that of free pivaldehyde (see Ta ble 1). This indicates ad epletion of electron density at the carbonyl group.I nt he 9 Be NMR spectrum one singlet is observed at 4.7 ppm (w 1/2 = 8.0 Hz) andt herefore shifted downfieldi nr elation to the signal of compound 4a. This shift difference is comparable to the one observed between compounds 2a and 3a and indicates that the electron density at the beryllium nuclei is higher in complexes in which only one carbonyl oxygen atom is coordinated.B yr emoving the solvent in vacuo, we obtainedr od-shaped crystals of dichloridobis(3-methyl-2-butanone)beryllium(II) (5a). This butanone adduct of BeCl 2 crystallizes in the monoclinic space group C2/c and shows the same coordinationa round the Be atom as that described for 2a with BeÀCl atomic distances of 1.983(3) and 1.987(3) ,w hich are slightly longer than those of 2a.O nt he other hand, the BeÀOa tomicd istances of 1.659(3) and 1.669(3) are slightly shorter than the corresponding distances in 2a suggesting that MIPK coordinates stronger to BeCl 2 than pivaldehyde. This is in agreement with the upfield shift of the 9 Be NMR signal. However,i nt he IR spectrum of 5a the bathochromic shift for the C=O-stretching frequency of 61 cm À1 is identical to that of 2a.
If BeBr 2 was treated with two or more equivalents of pivaldehydeaclear brownish solution was obtained. The 1 Ha nd 13 CNMR spectrar ecorded initially showed as ignal set for pivaldehydes hiftedd ownfield from that of free pivaldehyde in a scale comparable to that of 2a.I nt he 9 Be NMR spectrum we observed as inglet at 5.4 ppm (w 1/2 = 3.0 Hz). After removal of the solvent in vacuo we obtained colorless needle-shaped crystals of dibromobis(2,2-dimethylpropanal)beryllium(II)( 2b,S upporting Information, Figure 2 ) from an oily residue. Compound 2b crystallizes isotypic to 2a in the monoclinics pace group P2 1 /c. The BeÀOa tomic distances are 1.653(5) and 1.657 (6) and therefore shorter than those in 2a but within the standard deviation identical to those in 3a.T his indicates as tronger interaction between pivaldehyde and BeBr 2 relative to BeCl 2 and is supported by the more pronouncedN MR coordinations hifts of the aldehydep rotona nd the carbonyl carbon nuclei in 2b relative to 2a.T he BeÀBr atomicd istances are 2.118(5) and 2.141 (5) ,c omparable to those in the acetonitrile compound [BeBr 2 (CH 3 CN) 2 ][ 2.146(5);2 .147(5) ] [27] but shorter than those in adduct [BeBr 2 (Et 2 O) 2 ][ 2.170(8);2 .176 (8) ]. [28] The IR spectrum of 2b is similar to that of 2a with ac omparable coordination shift of the C=O-stretching frequency of 66 cm À1 . When BeBr 2 was treated with only one equivalentofpivaldehyde we also observedt he initial formation of the mono-aldehyde adduct to BeBr 2 (3b)a se vident from the downfield coordination shifts of the aldehydep roton and carbonyl carbon signals in the 1 Ha nd 13 CNMR spectra,w hich are comparable to those of 3a.C ompound 3b gives rise to a 9 Be NMR signal at 2.6 ppm (w 1/2 = 13.5 Hz). After six weeks we also observed the quantitative conversion of pivaldehyde to MIPK as wella s the emergence of an ew singlet at 2.7 ppm (w 1/2 = 8.7 Hz) in the 9 Be NMR spectrum,l eading to the conclusion that the same rearrangement reaction occurs like that described for BeCl 2 .T his was also verifiedb yt he reaction of one equivalent of BeBr 2 with one equivalent of MIPK, which resulted in matching NMR spectra. Reaction of BeBr 2 with two equivalents of MIPK in CDCl 3 led, in analogy to BeCl 2 ,t ot he formation of the bis-ketone adduct 5b with a 9 Be NMR signal at 3.4 ppm (w 1/2 = 4.1 Hz). Solutions of complex 5b proved to be stable for over six weeks such as those of 5a.However,itw as neither possible to obtain single crystalso ft he butanone adduct 5b nor of the mono-pivaldehyde adduct 3b similart o3a.I nb oth cases a brownish oil was obtained.
Finally,w ei nvestigated how BeI 2 interacts with pivaldehyde and trioxane 1a.A lthough it behaved like BeCl 2 and BeBr 2 when appliedi nc atalytic amounts, it showed ad istinctively differentb ehavior when applied in equimolar amounts. When BeI 2 was treated with three equivalents of pivaldehydei n CDCl 3 we obtained ab rownish solution that darkened within two weeks to give ab rown opaque solution. The 1 Ha nd 13 CNMR spectra of af reshly prepared solution showed primarily signals forp ivaldehyde coordinating towards beryllium iodide ( Figure S18 ). Therefore, we assumet hat the formation of diiodobis(2,2-dimethylpropanal)beryllium(II) (2c)a nalogous to 2a and 2b occurred. However,t he 1 Ha nd 13 CNMR spectra recorded directly after the reagents were dissolveda lready showeda dditional signals to those assigned to 2c.I nt he 9 Be NMR spectrum three signals at 4.1, 2.7, and 4.9 ppm were observed. On the basis of the assignment of the signals from 2a and 2b the singlet at 2.7ppm (w 1/2 = 36.3 Hz) was assigned to 2c.O ver the course of aw eek, the intensity of the 9 Be NMR signal at 4.1 ppm increased while the other two declined accordingly( Figure S19 ). In the 1 Hand 13 CNMR spectra the intensity of the signals of pivaldehyde also decreased andavariety of new signals could be observed. After CDCl 3 was removed in vacuo ab rown oil was obtained that contained rod-shaped single crystals of bis ( 
, which crystallizes in the orthorhombic space group Pna2 1 .T his is the compound from which the 9 Be NMR signal at 4.1 ppm originates. Compound 6 features afour-membered ring of two beryllium atoms that are linked through two m 2 -oxygen atoms of two corresponding 1-iodo-2,2-dimethyl-propan-1-olate (7)m olecules, which is, to the best of our knowledge,t he first structurally characterized example of an 1-iodo-alkoxide. Each beryllium atom is also coordinated by an iodine atom and an oxygen atom of ap ivaldehyde molecule to complete the tetrahedral coordination sphere around the beryllium atom. The BeÀOa tomic distances inside the ring in 6 range from 1.56(4) to 1.70(4) and those to the pivaldehyde molecule are 1.63(4) and 1.68(4) ,w hich are within the standard deviationi dentical. The BeÀOa tomicd istances between the beryllium atoms and the pivaldehydem olecules are within the standard deviation also identical to those of the adducts 2a and 2b because of the low precision of the data obtained.T he BeÀIa tomicd istances are 2.30(3)a nd 2.36(4) ,t hus comparablet ot he BeÀI atomic distances found in BeI 2 that range from 2.403(1) to 2.446 (1) . [29] Af ew crystalsw ere separated from the oil and an IR spectrumw as recorded subsequently.T he carbonyl stretching frequency of 1664 cm À1 is similart ot hat of compounds 2a and 2b.T he formation of 1-iodo-2-methyl-propan-1-ol could additionally be verified by NMR spectroscopy.I nt he reaction mixture of 6 as inglet at 6.71 ppm in the 1 HNMR spectrum was assigned to the tBu-CHOI protonb ecause of its 3 J CH coupling to a tert-butyl group observed in the HMBC NMR spectrum andn oc oupling in the COSY NMR spectrum as expected. The singlet at 1.08 ppm in the 1 HNMR spectrum that is also present in the 1 HNMR spectrum recorded initially was assignedt ot he tert-butyl group. This means that the conversion of the pivaldehyde to 1-iodo-2-methyl-propan-1-ol takes place rapidly.H owever,w ed id not observe completec onversion even after several weeks. Ap lausible reaction pathway for this conversion is illustrated in Scheme 2; higher pivaldehyde concentrationsa lso led to the formationo f1 -iodo-2-methyl- propan-1-ol. After coordination of two aldehydes one iodo ligand is displaced by at hirda ldehydeb ecause of the weak BeÀIb ond generating the cationic tris-aldehyde complex 8. [30] Because of the increased Lewis acidity of the cationic complex subsequentn ucleophilic attack of iodide at one of the coordinated aldehydes is then facilitated. This leads to the formation of alcoholate 9.A fter dissociation of one aldehyde, compound 6 is formed, which is presumably due to the superiorc oordination abilities of the negatively charged alcoholate compared to those of the aldehyde. We therefore assume that the signal at 4.9 ppm in the 9 Be NMR spectrum, which was observed in the beginning of the reaction, is caused by cationic species 8.
Furthermore,r eactionm ixtures of BeI 2 with two or less equivalents of pivaldehyde showedacompletelyd ifferentr eactivity,w hich is summarizedi nS cheme3.W hen ar eactiono f pivaldehyde with BeI 2 was performed in ao ne-to-one ratio, one signals et for beryllium-coordinated pivaldehyde was observed by 1 Ha nd 13 CNMR spectroscopy,i ndicating the formation of mono-aldehyde adduct 3c.H owever,t hree broad singlets at 4.9, 4.1, and 2.7ppm, which were also present in the three-to-one reaction mixture and belong to compounds 8, 6, and 2c,r espectively,w ere observed by 9 Be NMR spectroscopy. This was presumably caused through an initial excess of aldehyde that wasd ue to undissolved BeI 2 .W hile the signal at 4.9 and 4.1 ppm disappeared within one week and the one at 2.7 ppm decreased, two additional signals appeared at0 .9 and À1.0 ppm. Duringt his reaction an additional organic intermediate was formed, which was identified by 1 Ha nd 13 CNMR spectroscopy as well as mass spectrometry as 5-hydroxy-2,6,6trimethylheptan-3-one (10). This is the aldol addition product of pivaldehyde and MIPK. After two weeks, onlyt he signal at À1.0 ppm (w 1/2 = 3.7 Hz) remained and only one signal set for MIPK was observable in the 1 Ha nd 13 CNMR spectra with no pivaldehyde left;t herefore, poly[diiodo-m 2 -3-methyl-2-butanoneberyllium] (4c)w as formed (see also Supporting Information, Figures 20-22 ). To confirmt his assumption we performed ar eactiono fB eI 2 with MIPK in ao ne-to-one ratio in CDCl 3 and obtained the same signals in the 1 H, 13 C, and 9 Be NMR spectra. Thus, BeI 2 shows ah igher potentiali np romoting the rearrangementr eactiono fp ivaldehyde into MIPK compared to BeCl 2 and BeBr 2 .H owever,n os ingle crystals of 4c were obtained. Compound 10 together with MIPK was also obtained when two equivalents of pivaldehydew ere treated with one equivalent of BeI 2 in CDCl 3 .I ns itu 9 Be NMR reaction monitoring revealed the formation of 8 and 2c within the first hour of reaction because of an initial excess of aldehyde caused by undissolved BeI 2 (see also Supporting Information, . After four weeks one major signal at 3.0 ppm, which we assign to ab eryllium species (11)c oordinated to 10,t ogether with three smaller signals at 4.1 (6), 2.7 (5c), and 0.9 ppm were observed.T he signal assignments to 5c (2.7 ppm, w 1/2 = 7.3 Hz) were confirmed through the reactiono fB eI 2 with two equivalents of MIPK. Additionally,H Iw as observed in the 1 HNMR spectra evident from as harp singlet at À11.33 ppm. We assumedt hat the 9 Be NMR signals at 0.9 ppm arose from the presence of BeI 2 coordinatedt oo ne aldehyde and one ketone 12 c and that this species was responsible for the condensation reaction.T herefore, we performedareaction with one equivalent of pivaldehyde, MIPK, and BeI 2 each in CDCl 3 to promote the aldol addition reaction( see also Supporting Information, Figures 26-29 ). Ther ecorded NMR spectra of the obtained brownish solution after four weeks of storagea ta mbient temperatures howedt hat 10 was obtaineda sm aino rganic moiety.A fter six weeks of storage colorless cubic crystals swam on top of the solution. The X-ray structure analysis revealed bis(m 2 -[5-hydroxy-2,6,6-trimethylheptan-3-one])diiododiberyllium(II) (11)a st he main complex in solution.C ompound 11 crystallizes in the triclinic space group P1 and features a four-membered BeÀOr ing similart ot hat in compound 6.L ike Scheme2.Schematicillustration of the reaction pathway for the formation of compound 6.
Scheme3.Schematicillustration of the reactionso fB eI 2 with one and two equivalents of pivaldehyde and proposed pathwayfor the formation of compound 11. in 6 the berylliuma toms are coordinated by one iodine atom and three oxygen atoms each. The hydroxy group acts as m 2link while the oxygen atom of the carbonyl group completes the tetrahedral coordination around the Be atom ( Figure 2 ). The BeÀOa tomic distances within the four-membered ring are 1.591(4) and 1.616(4) ,w hich is comparable to the values found in 6 and those reported for tetrakis(m 2 -t-butoxy)-dichloro-tri-beryllium [from 1.540(2) to 1.635 (2) ]. [31] The BeÀO atomic distance to the carbonyl group is 1.655(4) ,t hus longer than that reported for Be(acac) 2 [1.62 (1) ]. [20] The BeÀI atomic distance is 2.390(4) ,t hus within the standard deviation identicalt ot hose of 6.C ompound 11 is obtained by cleavage of HI after the aldol addition and subsequent coordination towards "BeI + ". As imilar increase of the acidity is described for diketones upon the coordinationt oB eCl 2 . [32] While 11 represents the major product, 4c, 5c,a nd an unknown compound were also observed in the 1 Ha nd 13 CNMR spectra. EXSY NMR experiments showed that there is af ast exchange between the ketones coordinated to compounds 4c and 5c on the NMR time scale, whereas no NOE cross-peaks between the signals of ligand 10 and any MIPK moiety wereo bserved. This leads to the deduction that complex 11 does not dissociate in solution.F urthermore, solutions of di-ketone 5c also provedt obeu nstableand led to the formation of am ixture of compounds 11, 4c,a nd 5c after severalw eeks. Therefore, in contrastt oB eCl 2 and BeBr 2 ,B eI 2 is able to convert MIPK into pivaldehyde. Thea nalogousr eactiono fo ne equivalent of pivaldehydea nd MIPK with BeCl 2 showed signals of both ligands in 1 Ha nd 13 CNMR spectroscopy and one signali nt he 9 Be NMR spectruma t5.1 ppm, which is in between the signals observed for 2a and 5a as expected. This solution was stable for weeks and did not show any conversion to condensation product 10. We therefore deduced that the corresponding mixed aldehyde ketonea dduct of BeCl 2 (12 a)i ss table and that ac ationic intermediate is necessary for the condensation, which is only available from BeI 2 adducts because of the weak BeÀIbond. [30] In comparison to pivaldehyde, isobutyraldehyde features a proton at the a-C atom that enables it to form enols that can react further with the aid of aL ewis acid such as BeCl 2 .I fi sobutyraldehyde was exposed to catalytic amounts of BeCl 2 ,t he trimerization product 2,4,6-tris-isopropyl-1,3,5-trioxane (1b) was obtained (Scheme 4). The same appliest oB eBr 2 and BeI 2 . Trioxane 1b was subsequently used as precursor for isobutyraldehydeb ecause of the easier handling. When BeCl 2 was treated with two equivalents of isobutyraldehyde in CDCl 3 or C 6 D 6 ab rownishs olution was obtained within af ew hours. The 1 HNMR spectra showed ab road multiplet, whichr anges from 0.5 to 3.0 ppm. In the 13 CNMR spectra we were not able to observe discrete signals. After the solvent was removedi nv acuo we obtained ab rown waxy residue that did not show anyd iscrete bands in the IR spectrum.T he same resultsw ere obtained for other stoichiometries and with BeBr 2 and BeI 2 .Therefore, we assumet hat isobutyraldehyde undergoes undirected polymerization.
For butyraldehyde we did not obtain the trimer when it was exposed to catalytic amountso fb eryllium halides. Instead, an opaque beige solution of undefinedc omposition was ob-tained.B ecause of this unselective reaction behavior,t he decomposition of isobutyraldehyde and the complex reactivity of pivaldehyde with respectt oB eI 2 ,w el imited our studies to the stochiometric reactivity of butyraldehyde to BeCl 2 (Scheme5). If two equivalents of butyraldehyde were treated with BeCl 2 in low concentrations in CDCl 3 the solution remained clear.T he recorded 1 Ha nd 13 CNMR spectra showed discrete signals for the butyraldehyde and its aldol condensation product 2-en-2ethyl-1-hexanal( 13)i naone-to-fourr atio. The signals of the carbonyl as well as of the allylic carbon atom are shifted downfield by 9.5a nd 16.6 ppm, respectively,i ndicating ac oordination of 13 towards BeCl 2 .I nt he 9 Be NMR spectrum as inglet at 5.3 ppm (w 1/2 = 12.5 Hz) is observed, which is in as imilar region as the signals of adducts 2a and 5a and evidence for a fourfold-coordinated beryllium species in solution.W ea ssumed that this is as imple adduct of two ligands 13 to BeCl 2 (14) . This was confirmed by the NMR spectra of as olution of two equivalents of 13 with one equivalent of BeCl 2 ,w hich was prepared as ac ontrol experiment, and showeda ni denticals et of signals with the same chemical shifts. However,i ft hese solutions were stored for more than two weeks at ambient temperaturet hey turned black and an unknown black solid precipitated, which indicates polymerization or decomposition. Therefore, attempts to obtain single crystals of that compound remained unsuccessful.
Conclusion
We observed arising reactivity among the halidesfrom BeF 2 to BeI 2 when aldehydes were exposed to them.T he aldehydes also showed distinctly different reactivities. The presence of a b-H was the decisive factor ford ifferent behaviors towards the beryllium halides. We were able to catalyzet he formation of trioxans 1a and 1b through exposure of pivaldehydea nd isobutyraldehyde, respectively,t owards minute quantities of BeCl 2 ,B eBr 2 ,o rB eI 2 ,w hereas BeF 2 stayed inert in all the experiments we carriedo ut. This cyclization was reversed when the trioxanes were exposed to higher quantities of beryllium halides (Cl,B r, I). If two equivalentso fp ivaldehydew ere treated with BeCl 2 or BeBr 2 ,t he adducts 2a and 2b were obtained, whereas use of the same amounts of BeI 2 resulted in the rearrangementr eaction of pivaldehydet oM IPK and subsequent aldol addition to 10,w hicht hen coordinates towards BeI 2 to form compound 11 under evolution of HI. The respectivei somerization to methyl isopropyl ketone could also be achieved when pivaldehyde was treated with equimolar amounts of BeCl 2 or BeBr 2 ,a nd the corresponding adducts 4a and 4b were also obtained by direct reaction of one equivalent of MIPK with BeCl 2 or BeBr 2 ,r espectively.I na ddition, the adducts of two ketones to BeCl 2 (5a), BeBr 2 (5b), and BeI 2 (5c)w ere synthesized and characterizeda sw ell as mono-aldehyde adducts 3a, 3b,a nd 3c.T he solid-state structure of compound 3a couldb ed etermined, whichi st he first example of al inear beryllium halide chain.W hile the reactiono fB eCl 2 or BeBr 2 with three or more equivalents of pivaldehyde led to the formation of the bisaldehyde adducts 2a and 2b,1 -iodo-alkoxide 6 was formed in the case of BeI 2 .T his compound is generated throught he formationo ft he cationic tris-aldehyde complex 8 and subsequentn ucleophilic attack of iodine at one of the coordinated aldehydes. This leap in reactivity from BeBr 2 to BeI 2 is caused by the weak BeÀIb ond, which is cleaved easily and leads to the generation of cationic beryllium species. This proveso nt he one hand the potential of beryllium compounds to catalyzeavast amount of reactions as one of the hardest Lewis acids. On the other hand are complexes 6 and 11 model systemsf or transition states that have been proposed for proton-induced conversions of carbonyl groups. [33] Therefore, Be 2 + -which is significantly smaller than any other metal ion-canb eu sed as ap roton substitute to isolate and structurally characterize transition-state-related compounds.
Polysaccharide binding to glycan-binding proteins is essential for immune recognition [34] and even slight changes of these polysaccharides can lead to an immune response. [35] Therefore, it is plausible that beryllium-induced alterations of the glycocalyx lead to an attack against the body's own cells by the immune system. Thus, the variouso bserved conversion reactions of aldehydesa nd ketones enable the evaluation of potentialp athways, in which carbohydrates are alteredo rd ecomposed when exposed to beryllium compounds in the human body,e speciallyi nl ung tissue, in which hexoses are abundant. Accordingly,a ne xamination of the glycocalyx in the lung tissue of berylliosis patients or corresponding animal modelsw ith use of biochemical and immunologic techniques seems highly relevant.
Experimental Section
Caution! Beryllium and its compounds are regarded as toxic and carcinogenic. As the biochemical mechanisms that cause beryllium-associated diseases are still unknown, special (safety) precautions are strongly advised. [7] Generale xperimental techniques All manipulations were performed either under solvent vapor pressure or dry argon by using glovebox and Schlenk techniques. Chloroform was dried by heating to reflux over CaH 2 ,a nd benzene over sodium and subsequent distillation under argon. CDCl 3 was dried with CaH 2 and C 6 D 6 with Na/K-alloy and vacuum-transferred directly into the J. Young NMR tubes. BeF 2 ,B eCl 2 ,B eBr 2 ,a nd BeI 2 were prepared according to literature procedures [36, 37] and the aldehydes and ketones were purchased from VWR. Because of the expected extreme toxicity of the obtained compounds no elemental analysis or mass spectrometry could be performed of the beryllium-containing species. The purity of the compounds was therefore determined by NMR and IR spectroscopy.
NMR spectroscopy 1 H, 9 Be and 13 CNMR spectra were recorded with Bruker AvanceI II HD 300 and AvanceI II 500 NMR spectrometers. The latter was equipped with a Prodigy cryo-probe. 1 HNMR (300/500 MHz) and 13 CNMR (76/126 MHz) chemical shifts are given relative to the solvent signal for C 6 D 6 (7.16 and 128.1 ppm)/CDCl 3 (7.26 and 77.2 ppm) and 9 Be (42 MHz) used 0.43 m BeSO 4 in D 2 Oa sa ne xternal standard. NMR spectra were processed with the MestReNova software package. [38] IR spectroscopy IR spectra were recorded with a Bruker alpha FTIR spectrometer equipped with ad iamond ATRu nit in an argon filled glovebox. Processing of the spectra was performed with the OPUS software package [39] and OriginPro 2017. [40] Either single crystals of the compounds (when possible) or bulk material were used for the IR spectroscopic measurements.
Single-crystal X-ray diffraction
Single crystals were selected under exclusion of air in perfluorinated polyether (Fomblin YR 1800, Solvay Solexis)a nd mounted by using the MiTeGen MicroLoop system. X-ray diffraction data were collected with use of either the monochromated Cu Ka radiation of a Stoe StadiVari diffractometer equipped with aX enocs microfocus source and a Dectris Pilatus 300 Kd etector or monochromated Mo Ka radiation of a Stoe IPDS II equipped with an image plate detector.T he diffraction data were reduced with the X-Area software package. [41] The structures were solved by using direct methods (SHELXT-2018/2) and refined against F 2 (SHELXL-2018/3) with use of the ShelXle software package. [42] [43] [44] All atoms were located by DifferenceF ourier synthesis and non-hydrogen atoms refined anisotropically.Hydrogen atoms were refined isotropically. Dichlorobis(2,2-dimethylpropanal)beryllium(II) (2 a):2 ,4,6-Tristert-butyl-1,3,5-trioxane (1a)( 32.3 mg, 0.125 mmol) and BeCl 2 (10.0 mg, 0.125 mmol) were weighed into a J. Young NMR tube, which was subsequently filled with CDCl 3 by vacuum condensation. The solvent was removed in vacuo after 2weeks of storage. Single crystals of 2a were isolated from an oily orange residue, which were suitable for single-crystal structure analysis. 1 
